Actomyosin generates contractile forces within cells, which have a crucial role in determining the macroscopic mechanical properties of epithelial tissues. Importantly, actin cytoskeleton, which propagates actomyosin contractile forces, forms several characteristic structures in a 3D intracellular space, such as a circumferential actin belt lining adherence junctions and an actin mesh beneath the apical membrane. However, little is known about how epithelial mechanical property depends on the intracellular contractile structures. We performed computational simulations using a 3D vertex model, and demonstrated the longitudinal tensile test of an epithelial tube, whose inside and outside are defined as the apical and basal surfaces, respectively. As a result, these subcellular structures provide the contrary dependence of epithelial stiffness and fracture force on the spontaneous curvature of constituent cells; the epithelial stiffness increases with increasing the spontaneous curvature in the case of belt, meanwhile it decreases in the case of mesh. This qualitative difference emerges from the different anisotropic deformability of apical cell surfaces; while belt preserves isotropic apical cell shapes, mesh does not. Moreover, the difference in the anisotropic deformability determines the frequency of cell rearrangements, which in turn effectively decrease the tube stiffness. These results illustrate the importance of the intracellular contractile structures, which may be regulated to optimize mechanical functions of individual epithelial tissues.
Introduction
Mechanical properties of epithelial tissues are important for the remodeling and maintenance of organ structures in processes of development, homeostasis and disease. The epithelial mechanical properties are served by actomyosin contractility, which propagates through the actin cytoskeleton. Example of the roles of the actomyosin contractility includes roles of increasing the stiffness of various tissues (Zhou et al. 2009; Eiraku et al. 2011; Samuel et al. 2011; Fischer et al. 2014) . However, whereas actomyosin has a known role in directly generating contractile forces, well defined mechanical roles of the apical contractile structures are not properly understood.
Important functions for different actin cytoskeletal structures have emerged within a cell, and distinct apical contractile structures may have a crucial role in the epithelial mechanics (Liang et al. 2015) . For example, actin assembly forms a circumferential actin belt lining adherence junctions, whose contractility drive apical constriction in invagination during tissue formation (Sweeton et al. 1991; Oda & Tsukita 2001) . Moreover, actin assembly also forms an actin mesh beneath the apical membrane, whose contractility also drives apical constriction in invagination (Haigo et al. 2003; Sawyer et al. 2010) . Similarly, in endothelial cells, actin bundles are oriented approximately perpendicular to the cell circumference (Liu et al. 2010; Huveneers et al. 2012) .
It remains to be elucidated how the mechanical property of epithelium depends on the apical contractile structures within a cell, even though we know that such contractility must be important. The intracellular contractility is mediated by a multicellular structure within epithelium, including the cell shape, configuration and apicobasal polarity in 3D space. Based on the inner structure of epithelium, belt and mesh may provide different epithelial mechanics.
To address 3D dynamics of multiple cells, 3D vertex models are gradually gaining more attention as a robust tool (Honda et al. 2004 (Honda et al. , 2008 . We have improved the 3D vertex model in terms of kinematic and mechanical expressions of multicellular behaviors (Okuda et al. 2013a (Okuda et al. ,b,c, 2015a (Okuda et al. ,b,c, 2016 . This model enables insilico mechanical tests of 3D multicellular tissues at the single cell level while taking into account cell deformation, rearrangement, and their apicobasal differences.
In this study, we perform computational simulations of the tensile test of an epithelial tube using the 3D vertex model, and analyze the dependence of epithelial stiffness and fracture on the contractile actin belt and mesh structures. The tensile test reveals how mechanical characteristics of epithelium vary by apical contractile structures. We also show how the mechanical characteristics are determined based on cell deformation and rearrangement.
Cell-based modeling of epithelial dynamics

Multicellular structure and dynamics
In the 3D vertex model, an individual cell shape is represented by a polyhedron comprising the arbitrary number of polygons. Each polygon expresses the boundary face between neighboring cells, and comprises the arbitrary numbers of vertices and edges. Because all polygons are shared by neighboring polyhedrons, all vertices and edges compose a single network that expresses the entire structure of a 3D cell aggregate (Fig. 1a) . In the network, as a topological constraint, each vertex is connected to exactly four edges, by which each vertex coordinate corresponds to a meeting point of exactly six boundary faces. Moreover, the topology of the network and the numbers of vertices and edges are dynamically rearranged to express the changes in cell configuration according to the mechanical deformation of the network. Details of the model are described in our previous study (Okuda et al. 2013c) .
By assuming a low-Reynolds-number dynamics, the movement of the ith vertex, represented by r i , is expressed by the overdamped equation (Okuda et al. 2015b) :
The left hand side of Equation (1) indicates a viscous friction force exerted on the ith vertex, where g i is the viscous friction coefficient of the ith vertex and v f i is a local velocity around the ith vertex. The right hand side of Equation (1) indicates an energetic force acting on the ith vertex, where U is the effective energy. Elastic property of cells is expressed as a function of U, and viscous property is expressed as functions of g i and v f i .
Viscoelastic behaviors of epithelial cells
The elastic property of cells is expressed by the effective energy, U, in Equation (1). Here, a current volume of the jth cell is represented by v j , a lateral surface area of the jth cell by s l j , and basal surface area of the jth cell by s b j , respectively. As a function of these variables, U is described as follows:
where P cell j is the summation across all cells. The first term indicates a volume elastic energy, where k v and v eq j are the volume elastic energy and reference volume of the jth cell. The second term indicates an apical contractile energy, where u a j is the apical contractile energy of the jth cell. The third term indicates the lateral surface energy, where constant j l is the area energy density of the lateral surface. The fourth term is a basal surface energy, where constant j b is the area energy density of basal surface. Viscous property of cells is simply expressed using functions of g v i and v f i in Equation (1) as employed in our previous study (Okuda et al. 2015b ). In this model, friction g i is defined as the summation across the all surrounding cells: 
Apical contractility with dependence on actin cytoskeletal structures
To express the variety in apical contractile structures within a cell, we introduce two types of energy functions for apical contractility. The first type is a "belt", ª 2017 Japanese Society of Developmental Biologists where actin assembly forms a contractile belt along the cell circumference on the apical side (Sweeton et al. 1991; Oda & Tsukita 2001) . The second type is a "mesh", where actin assembly forms a contractile mesh on the apical side (Haigo et al. 2003; Liu et al. 2010; Sawyer et al. 2010; Huveneers et al. 2012) .
Here, the current apical perimeter of the jth cell is represented by l a j , and the current apical surface area of the jth cell by s a j , respectively. As a function of these variables, the apical contractile energy, u a j , in Equation (2) is described as follows:
In the belt type, constant k a is the area energy density of individual cells. This function expresses the contractility of the actin belt along the cell apical perimeter (Fig. 1b) , which has been often employed to express epithelial dynamics (Farhadifar et al. 2007; Hannezo et al. 2014) . In mesh type, constant j a is the area energy density of individual cells (Fig. 1c) . This function expresses the contractility of the actin mesh across the cell apical perimeter, which is a simple description of the cell surface energy (Okuda et al. 2013a (Okuda et al. , 2015b Hannezo et al. 2014) .
Because both belt and mesh contractility in Equation (3) have the second-order sensitivity on the length scale of cell deformation, their behaviors are apparently expected to be the same in a continuum scale. By assuming a circular shape as the apical surface of the jth cell, s a j in Equation (3) is simply expressed as 
Thereby, the element stiffness in both cases of belt and mesh is a constant. By assuming the same value of element stiffness, constant k a is described by
Simulation condition
The initial condition is set to be a cylindrical tube structure of a monolayer cell sheet, aligned along the z-axis on the x-y-z orthogonal coordinates ( Fig. 1d ). This tube is composed of a total number of 1000 cells, where 70 cells are aligned along the z-axis and 14 cells are aligned along the perimeter. The inside and outside of the tube is defined as the apical and basal surfaces, respectively ( Fig. 1e) . Hence, the apical contractility, described by Equation (3), is exerted on the inner surface of the tube.
As a boundary condition, an extrinsic tensile force, represented by T, is exerted on the ends of the tube along the z-axis (Fig. 1d, e) . The epithelial tube is brought into equilibrium before the tensile test. About 100 cells located at each end are selected as the loaded region (colored dark gray in Fig. 1d, e) , over which the extrinsic force, T, is equally distributed.
Parameter setting
By regarding a cell embedded in epithelium as a free body, an equilibrium shape of the cell is determined by the force balance according to the energy function, U. By assuming an incompressibility, the cell equilibrium shape is determined by the force balance of the surface energies described by the second, third, and fourth terms of Equation (2). In particular, the spontaneous curvature of the epithelial sheet is given by the ratio of the apical to basal surface energy densities, j a /j b . Thereby, to indicate the spontaneous curvature of individual cells, we introduce a bias of contractile energy densities of the apical to basal surfaces, represented by c = j a /j b . Moreover, for simplification, we assume that the energy density on the lateral side is the average value of those in the apical and basal sides as
. From these assumptions, variables j a and j b can be described as functions of c and j
To solve Equation (1) , is estimated to be 0.1. By assuming an incompressibility of individual cell volumes, k v is set to be 2, which is much larger than the surface energy of a cell.
To analyze deformation and fracture characteristics, variables c and T are varied. Details of numerical implementations are described in Appendix.
In-silico tensile test of epithelial tube
Mesh maintains epithelial curvatures to be smoother than belt
To investigate the dependence of epithelial morphology on the contractile structures, we calculated equilibrium tube morphologies under the unloaded condition (T = 0). Figure 2 (a,b) shows morphologies of the epithelial tubes in cases of belt and mesh, respectively, where cells are colored by a local mean curvature of the epithelial surface. An important difference between belt and mesh is the epithelial morphology. In case of belt, the basal surface of the epithelial tube gradually undulates with increasing c (Fig. 2a) . On the other hand, in the case of mesh, the basal surface was relatively kept to be smooth with increasing c (Fig. 2b) . The difference in the morphologies was quantified as the standard deviation of the mean curvatures as shown in Figure 2(c) ; the variety of mean curvatures of the epithelial surface in the case of belt were much higher than those in the case of mesh.
Both belt and mesh provide a resistance to deformation and fracture
To investigate mechanical characteristics of epithelium, we performed a tensile test of an epithelial tube. The extrinsic force, T, was varied in addition to the bias of the apical to basal contractilities, c. To analyze the macroscopic behavior of the tensile tube, we measured the Green's strain of the test region of the tube (colored light gray in Fig. 1d-e) , represented by c t .
As a result, epithelial dynamics drastically differed with T. Figure 3(a,b) shows c t as a function of time, t, in cases of belt and mesh, respectively. In both cases, c t converged to a constant under the condition of low T, and diverged under the condition of high T. These dynamics of c t correspond to morphological behaviors as shown in ª 2017 Japanese Society of Developmental Biologists Figure 3(c,d) . Under the condition of low T, the epithelial tube slightly elongated and was arrested due to the force balance with the extrinsic force (Fig. 3c) . Under the condition of high T, the tube elongated to form a neck and fractured from a narrow part of the neck (Fig. 3d) .
Belt and mesh show the contrary dependence of epithelial stiffness on the spontaneous curvature of constituent cells
In order to quantify mechanical characteristics, we estimated the tube fracture force with respect to the bias of the apical to basal contractilities, c, as shown in Figure 4(a,b) . Moreover, we estimated the tube stiffness with respect to the bias of the apical to basal contractilities, c, as shown in Figure 4(c,d) . The tube stiffness is estimated as T/c t .
Because both belt and mesh contractility in Equation (3) have the second-order sensitivity on the length scale of cell deformation, their behaviors are apparently expected to be the same in a continuum scale. Contrary to the expectation, as a result, the stiffness shows an inverse dependence on c between belt and mesh; while the fracture force increased with c in the case of belt (Fig. 4a) , it decreased in the case of mesh (Fig. 4b) . Similarly, while the tube stiffness increased with c in the case of belt (Fig. 4c) , it decreased in the case of mesh (Fig. 4d) . Additionally, the tube stiffness decreased with increasing the extrinsic force, irrespective of c (Fig. 4c-d) .
As a remarkable point, the main difference between the mechanical characteristics of belt and mesh is the contrary dependence of epithelial stiffness and fracture force on the spontaneous curvature of constituent cells; the epithelial stiffness increases with increasing the spontaneous curvature in the case of belt, meanwhile it decreases in the case of mesh.
Difference in epithelial stiffness emerges from the anisotropic deformability of apical cell surfaces How did the difference in the contractile structures cause the difference in the mechanical characteristics of epithelium? To clarify this question, we measured residual energy of subcellular contractile structures Figure 5 shows the average of surface energies as functions of c in the case of belt and mesh. Apical energy of belt and mesh is estimated as u a j in Equation (3), and basal energy is estimated as u a j in the fourth term of Equation (2).
In general, the residual surface energy increases the fracture force and stiffness. In case of the belt, the apical energy is much higher than the basal energy, which increases with increasing c. On the other hand, in the case of mesh, the basal energy is similar to or higher than the apical energy, which decreased with increasing c. The dependence of the residual surface energy on c in cases of belt and mesh corresponds to those of the fracture force and the stiffness shown in Figure 4 .
How did the difference in the contractile structures cause the difference in the surface energy? In both cases of belt and mesh, the apical energy increased and the basal energy decreased with increasing c. This is because c determines the bias of the apical to basal contractile energy densities as maintaining the total value of the apical and basal energy densities as described in "Parameter setting".
In the case of mesh, both the apical and basal surface energies are proportional to cell surface areas, s a j and s b j . Under the constraint of an apically-concave tube topology, the basal surface area tends to be larger than the apical surface area: s b j [ s a j . Based on this relation, the basal energy is relatively larger than the apical energy.
In case of belt, the basal surface energy is proportional to the basal surface area, s b j , and the apical surface energy is proportional to the apical surface perimeter, l a j . Under the constraint of an apically-concave tube topology, the apical surface tends to be strained and the effective apical area estimated from the Based on this relation, the apical energy is relatively larger than the basal energy.
These results suggested that the qualitative difference in the epithelial stiffness described in "Belt and mesh show the contrary dependence of epithelial stiffness on the spontaneous curvature of constituent cells" emerges from the different anisotropic The triangle indicates a neck structure, from which the tube fractured. In these simulations, the bias of the apical to basal contractilities, c, was set to be 1.0.
ª 2017 Japanese Society of Developmental Biologists deformability of apical cell surfaces; while belt preserves isotropic apical cell shapes, the mesh does not.
Belt suppresses cell rearrangements stronger than mesh to effectively reduce the epithelial stiffness Additionally, to address how cell deformation causes tissue deformation, we analyzed frequencies of cell rearrangements during the tensile tests. Figure 6a , b shows the frequency of directional cell rearrangements in cases of the belt and mesh. The frequency of directional cell rearrangements is estimated as n r ¼ n ½H to I À n ½I to H , where n [H to I] and n [I to H] are the numbers of network reconnections between patterns [H] and [I] , which correspond to the events of cell separation and meeting, respectively (Okuda et al. 2013c) . Here, the subtraction excludes redundant reconnections that repeat between patterns [H] and [I] at the same location in the network. As shown in Figure 6a , b, in the case of belt, the frequencies on the basal side are relatively larger than those on the apical side. On the other hand, in the case of mesh, the frequencies on the basal side are similar to those on the apical side. The results suggest that the contractile belt tends to suppress cell rearrangements.
As shown in Figure 6b , in both cases of belt and mesh, the frequencies of cell rearrangements increased with increasing T. This corresponds to the dependence of the tube stiffness on T as shown in Figure 4(c,d) . The results suggested that the tube stiffness is effectively reduced by the strain resulting from cell rearrangements in addition to the strain from cell deformation, and the reduction effect increases with increasing extrinsic forces. 
Discussion
In general, actin cytoskeleton has an important role in the regulation of cell shape, movement and mechanical resistance to extrinsic forces. Especially, cell mechanical characteristics depend on contractile forces of actin cytoskeleton due to a tensegrity (Ingber 2003) . The actomyosin contractile forces also play key roles in mechanical characteristics of epithelium, owing to the multicellular structure of epithelium (Zhou et al. 2009; Eiraku et al. 2011; Samuel et al. 2011; Fischer et al. 2014) . Importantly, subcellular structures of actin cytoskeleton that mediate such contractile forces drastically vary across cell species. This study focused on belt and mesh structures on apical surfaces of epithelial cells. While either of them have been focused on in studies of morphogenesis, they generally coexist in real epithelia. However, little has been known about the difference between mechanical functions of these subcellular structures.
This study revealed that these structures provide the contrary dependence of epithelial stiffness on the spontaneous curvature of constituent cells; while the belt increases the epithelial stiffness with increasing spontaneous curvature, the mesh decreases it (Fig. 4) . This qualitative difference emerges from the different anisotropic deformability of apical cell surfaces; while the belt preserves isotropic apical cell shapes, mesh does not (Fig. 5) . Moreover, the difference in the anisotropic deformability determines the frequency of cell rearrangements, which in turn effectively decrease the tube stiffness (Fig. 6) .
Based on the difference in the deformation characteristics, belt and mesh structures may be selectively used in developmental processes. As shown in Figure 2 , while mesh tends to maintain the smooth curvature of epithelial surface, belt relatively does not. Therefore, mesh is suitable to sustain the large-scale continuous structure of epithelium. For example, in the Xenopus neural tube closure, actin is accumulated on the apical surface of neuroepithelial cells, and form hinge cells to facilitate the neural closure while maintaining the smooth curvature of the neural tube along the anteriorposterior axis (Haigo et al. 2003) . On the other hand, as shown in Figure 4 , in the case of belt, the local stiffness increases with increasing the curvature. Thereby, belt causes the invagination more efficiently than mesh. In the Drosophila ventral furrow formation, actomyosin belt is locally formed in the ventral area, and causes the large deformation of the epithelium (Sweeton et al. 1991) . Evaluating the contributions of belt and mesh seems difficult by just observing morphologies, but rather requires measuring residual stress of individual subcellular structures.
Interestingly, while this study focused on the different contractile structures in the subcellular scale, such characteristic structures can be also observed in the tissue scale. For example, in the early developmental stage of the Drosophila trachea code, actomyosin forms a contractile ring surrounding the perimeter of the cell population on the epithelial sheet (Kondo & Hayashi 2013) . Moreover, in the early stage of the Drosophila gastrulation, actomyosin forms a contractile patch covering the apical surface of the cell population (Young et al. 1991) . It has been reported that these structures provide the different deformation characteristics (Misra et al. 2016) . Therefore, the subcellular contractile structures could ª 2017 Japanese Society of Developmental Biologists be well organized in the multiple scales to regulate active and passive behaviors of epithelium.
Subcellular contractile structures may be regulated more finely with respect to mechanical functions for local tissues. For example, in a heart development, actin cytoskeletal orientation varies across local regions on the epithelial wall of a heart vessels (Itasaki et al. 1989 (Itasaki et al. , 1991 , which may be regulated to facilitate their mechanical functions. Moreover, because embryonic tissues are exposed under various types of stress such as tension, compression, and shear, different contractile structures may be used for individual local tissues according to their stress states.
In many embryonic tissues, several subcellular contractile structures occasionally coexist, which may be combined to optimize their mechanical functions for local tissues. Moreover, cells involve other mechanical behaviors such as viscoelastic property, cell division, and cell apoptosis. These behaviors also generate inner forces within tissues and may contribute to their macroscopic mechanical characteristics. Such intracellular forces and their combinations are challenging topics as future work.
Conclusion
Apical contractile structure is emerging as a crucial player in epithelial mechanics, both through previously characterized functions such as driving cell deformation and movements, and now through a role of regulating deformation and fracture characteristics. This study suggested that contractile belt and mesh structures provide the contrary dependence of epithelial stiffness and fracture force on the spontaneous curvature of constituent cells, based on the cellular deformability. Further studies will reveal how the regulation of mechanical characteristics by apical contractile structures contributes to mechanical functions for individual tissues and organs. 
